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THERMODYNAMIC PROPERTIES OF SELECTED MINERALS AND
OXIDES AT HIGH TEMPERATURES

By Richard A. Robie
Introduction

Tables of the thermodynamic properties'of several minerals have
been constructed in a form convenient for calculation of chemical
equilibria of minersls and of problems related to the heat content of
rocks. Minersals selected are those for'which reliable, modern thermal
data exist, and which are commonly found in natural rocks. No attempt
has been made to make this compilation exhaustive.

In order to insure internal consistency each table has been recal-
culated from original data. The tables of Stull and Sinke (1956) have
been used exclusively for the thermodynamic properties of the elements.
Choices for the standard states of the elements of those suthors have
also been adopted.

The unit of energy is the defined calorie, equal to 4.,1840 sbso-
lute joules. Zero degrees Celsius has been taken as 273.15°K in accor-
dance with the 1954 definition of the thermodynamic scale of temperature
(see for example Cohen, Crowe,and Dumond, 1957). Values of other physi-
cal constants used and the symbols adopted mey be found in table 1.

Two choices of reference temperature are in common use: O0°K and
298.15°K (25°C). Inasmuch as many of the entropy values used are based
on heat capacity measurements extending downward only to 50°K for which
no evaluation of E& - B was made, we have adopted 298.15°K as the re-
ference temperature. This choice is also convenient, because it permits

us to use directly the tables of Stull and Sinke (1956), who adopted the
1



M.P.

B.P.

gfw. vol.

calorie

Atm
bar

log

Table 1. Symbols and constants

= Temperature in degrees Kelvin.

Gram formula weight.

Enthelpy at temperature T relative to 298,15°K in cal/gfw.

Entropy at temperature T in cal/deg gfw.

Free energy function in cal/deg gfw.

Heat of formation from reference state in cal/gfw.

i

Free energy of formation from reference state in cal/gfw.

Heat of melting at one atmosphere in cal/gfw.

Heat of vaporization to ideal gas at one atmosphere in
cal/gfw. '

Melting point at one atmosphere in degrees K,

Boiling point at one atmosphere in degrees K.

= Volume of one gram formula weight at one atmosphere and
298.15°K in cmd.

= Superscript indicates the substance is in its standard state.

= Gas constant, 1.98726 cal/deg gfw (mole).
8.31469 joules/deg gfw (mole).

= Unit of energy, 4.1840 absolute joules.
41.2929 cm® atmosphere.

Avogadro's mumber, 6.02380 x 1023 molecules/gfw (mole).

Fugacity in atmospheres.

=_Pressure, in stmospheres or bars. '

Atmosphere, 1,013,250 dynes/cm®.
= Bar, 1,000,000 dynes/cm®.

Logarithm to the base 10.

Logarithm to the base € = 2.718...:..

2



same reference temperatures. The 1955 scale of atomic weights (Wichefs,
1956) has been used. Temperatures above 273.15°K are based on the Inter-
national Temperature Scale of 1948. Where the accuracy of data have warranted
it, temperatures measured on other scales have been corrected to I.T.S. 1948
using the curves given by Sosman (1952).

Methods of computetion

The free energy function was calculated from the relation:
o -] -]

Fp_ Byog.15 _ 8% _ Bxo8.15

T - T J ST

Values for the free energy functions of the elements were taken from Stull
and Sinke (1956). The free energies of formation were obtained from:
° = AES Fp . HA
AFe q = A 098,15 + TA [-i T - @8-15)]
The heats of formstion were calculated f;Bm the expression:

AHp = AHE 098,15 + A(Bp - Higg.15)
The equilibrium constant of formation Ke has not been tabulated. It may

be obtained direction from AF§,T using the expression:

logyo Ke = %
L5758k T

Because 1t is common practice in mineral or ceramic equilibria to use
oxides rather than elements as reference states, the thermodynsmic properties
of a nmumber of oxides have been tabulated, and, wherever appropriate, the
heats and free energiés of formation of a compound from the oxides have been
calculated. The heats and free energies of formation, using the oxides as
reference states, were obtained by the relations:

° (compound from elements) - :E§H§ (component oxides) = AHg (;;mpcunid )
om oxides

B

and .
AF% (compound from elements) = ZF% (component oxides) = AFp (compound
from,oxideé}



Alternatively the heat of formation from the oxides at temperature T can
be calculsted from the heat of formation from the oxides at 298.15°K, and
the difference between the heat contents of the compound and the sum of
the oxides at the temperature T. This latter method was used to check

the internal consistency of the tables, Values of AB% obtained by the two
different paths should agree to 2 calories. The free energy of formation
from the oxides was checked by compsring the direct values of AS with those

calculated from the relation:

AFp _ AHp 0 0
[ —T ]oxides = [S'I', compound ~ EST, oxide;]
The two values must check to 0.02 cal/deg gfw. The uncertainty above

grises from the rounding error in the calculation of the free energy
function. It corresponds to 6 calories at 300°K and 36 calories at
1800°K in the free enmergy of formstion from the oxides. This method of
checking also serves to eliminate numerical mistakes in the tables for
the separate oxides,

A horizontal line in the columns AH% and AF} indicates a transi-
tion in one of the reference states, At the transition temperature
Aﬂ§ will be discontinucus and AF% will be continuous but its slope,

d AF3
£ » is discontinuous. This must be borne in mind when interpolating

in the tables. The temperatures of the transitions are listed at the

left side of each table.
Treatment of data

Because of the extreme difficulty of making proper heat exchange

corrections at high temperatures the thermal property most commonly



measured is the heat content, or relative enthalpy;

T
E% = Hfo = ‘[I.gpd'l’

not the true specific heat, Cp, and where T, is a fixed reference tem-
perature, usually 298.15°K. The heat content is usually determined at
intervals of 50° or 100°K. In order %o obtain the specific heat it is
necessary to differentiate the experimental curve of Hy - H§98.15 versus
T. This process of differentiation gives rise to uncertainties in the
derived values of Cp of the order of 10 times those in Hy - 3298.15 or
about 2-3 percent. The entropy increments above the reference tempera-
ture may be derived from the heat capacity thus obtained, or directly

from the heat content curve by the relation;

T (o] +] e} -] T o O
o wo , d (Bp - Hyog,15) = Bp - Hpo8.15 Hp - Hpo8.15
Sp - 5298.15 ='_J298.15 T T +J298.15 T2

For substances that exhibit heat capacity anomalies, measurements
at 50° intervals are, of course, not sufficient. In the absence of
heat content data at closer temperature intervals, or of true specific
heat measurements through the ancmalous region, we have treated the
data in a fashion similar to that used by Kelley (1949). The transi-
tion is treated as a first order phase change at a specific tempera-
ture, with a latent heat. An anomaly in the heat capacity causes an
abrupt change in the slope of the heat content versus temperature curve
but not a discontinuity. This apparent "latent heat" is & rough measure
of the excess heat capacity in the finite temperature interval above and
below which the heat content curve is more or less normal. The "transi-

tion temperature" is generally taken as that temperature at which the

aT



abrupt change in slope of the heat conternt curve occurs. The thermo-
dynamic properties obtained from this treatment of the data are less
accurate in the immediate neighborhood of the tramsition; and this
should be kept in mind in using these tables. Examples of this type
of behavior are the 0< B transition in quartz (8i0,) at 848°K, the anti-
ferromagnetic transition in NiO at 525°K, and the Curie point in magne-
tite (Fez0y) at 900°K.
Oxides as reference stetes

The use of oxides as reference states requires amplification in
certain cases. The reference states for SiO, adopted for determining
the heats and free energies of formatior from the oxides of the sili=-
cates are o-quartz from 298.15° to 848°K and B-quartz between 8u48°
and 1800°K. The @ - B transition has been treated as a first order
phase change with a latent heat of 290 calories at 848°K. The tempera=
ture of the & - B inversion was taken as 848°K, rather than the more com-
monly adopted value 846°K, to be consistent with the calorometric data
(Kelley, l9h9). B-quartz is not the most stable form of 3102 above
1140°K. However, the heats of transition of B-quartz to B-tridymite and
B-tridymite to B-cristobalite are small (and quite uncertain). Moreover,
the heat contents of the three forms above 1200°K, Bp - Hjppg, are neexrly
equal, and consequently the free energy of formation of PB-guartz is
only slightly less negative, about 200 calories, than those of the true
stable modifications, B-tridymite above 114L0°K and B-cristobalite
above 1TL3°K. This procedure effects a considerable simplification
in calculation at very little expense to the absolute accuracy of the

data.



Stoichiometric FeO is thermodynamically unstable at all tempera~-
tures. The maximum iron content corresponds to Fep, 9530 (Darker and
Gurry, 1946). Thermochemical dasta are available for Feq,gy70 (Bumphrey,
King, and Kelley, l95é) and a table has been calculated for this "com-
pound; # Because of this complexity, values listed for the heat and
free energy of formation from the oxides do not correspond to reac-
tions involving FeO, but to (Fep,gy70 + 0.053 Fe). As an example the
free energy of formation of FeoSiOY, fayalite, using the oxides as
reference states refers to the reaction;

2Feq,gh70 + 0.106Fe + 810, = FeSi0).
This must be kept in mind when considering chemical equilibrium in-
volving ferrous iron compounds, but only if the oxides are used as the
reference states. |

The tables are incomplete for several of the substances considered.
Although heat capacities and entropy data for these are available, ade-
guate information on heats of formation, AH%, does not exist. They are
nonetheless included, because when such data become available one can
determine .F§ by subtracting the values of €§24T§2§;£2 from the listed
values of the free energy function.

Although the absolute value of AFp or AHp is rarely known to
better than * 500 calories these quantities are tabulated to the near-

est calorie. This apparent anomaly disappesrs if we recall that

d AFp

o
g gp = - f8r.

A3% is, of course, known independently of AFf. The practice of round-

ing tabulated values of AF§ or AHy on the basis of the uncertainty‘%n



the absolute value (Coughlin, 195%) is to be deplored since it does
not fully utilize the more accurate heat capacity information.

A similer argument holds for Hf because of the relation

(a aHF)
T e = “Cp

Whenever possible the molar velumes were obtained from precise
determinations of the X-ray unit cell dimensions, corrected to 298.15°K.
The principal source of these data have been Circular 539 of the National

Bureau of Standards (Swanson and others, 195%).
Properties of COp and HyO at higher pressures

The properties of COo in the ideal gas state and at 100 atmospheres
were calculated from data in Circular 564 of the National Bureau of
Standards (Hilsenrath and others, 1955). Values for higher pressures
were obtained from Price's (1955) smoothing and reduction of the P=-V-T
data of Kennedy (1954). Price gives values of S and H as a function of
P and T in bars and degrees C, and adopts the values of Woolley (1954)
for the ideal gas. From Price's tables we have calculated the fugacity,
£, from the relstion:

Fpop-Fp g
BT T _IInf
it =" F

where £° is the fugacity of the ideal gas at one atmosphere pressure
or the real gas at unit activity.(i.e. when % =1).

To obtain the fugacity of HyO the recent P-V-T data of Holser and
Kennedy (1958, 1959) were used. From their values of the specific vol-

ume of HyO we have calculated the fugacity using the expressioﬁ?“k



P
Inf = 1InP - 1L \ [RL - V] dP .
R}, P

The function @ = [RT - V] was plotted versus pressure on a large scale
and smooth values iere read from the curves at 10 or 50 atmosphere inter-
vals, The integration was done graphically. As a check on the relia-
bility of the specific volume data, the compressibility factor, Z = %%,
was calculated. The isotherms of Z were found to behave correctly, ex-
trapolating to Z = 1 as the pressure approached zero. These compressi-
bility factors also agreed within 0.3 percent with those given by
Hilsenrath (1955) in the small overlap region where direct comparison
is possible,

For convenience in calculation, the change in free energy with

pressure for pressures in both bars and atmospheres have also been

tabulated.
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